The twin-arginine translocation (Tat) pathway is a system with the unique ability to export proteins in a fully folded conformation. Its main components are TatA, TatB and TatC, all of which are required for Tatdependent export. The Tat pathway is found in several Archaea, and in most of them a moderate number of predicted Tat-dependent substrates are present. Putative substrates include those binding cofactors such as iron-sulphur clusters and molybdopterin. In these Archaea, the role of the Tat pathway seems to be similar to that of bacteria: the export of a small subset of proteins that fold before translocation across the cytoplasmic membrane. The exception to this is the Tat system of the halophilic archaeon Halobacterium sp. NRC-1. In this organism, the majority of extra-cytoplasmic proteins are predicted to use the Tat pathway, which is, most likely, a specific adaptation to its particular lifestyle in highly saline conditions.
Introduction
All living organisms transport proteins across cellular membranes using various translocation systems. In prokaryotes, two of the major transport systems are the Sec pathway and the twin-arginine translocation (Tat) pathway. The Sec pathway is, in general, the major route for protein translocation (for a review, see [1] ). Proteins transported by this pathway are synthesized as pre-proteins with an N-terminal signal peptide that is important for targeting of the protein to the Sec machinery. During targeting and translocation the pre-protein is maintained in a (partially) unfolded conformation.
The Tat pathway was initially identified as a route for proteins into the thylakoid lumen of chloroplasts (for a review, see [2] ). The identification of a component of this pathway (Hcf106) [3, 4] led to its discovery in prokaryotes. The most characteristic feature of this pathway is its ability to transport fully folded proteins while maintaining membrane impermeability [5, 6] . In chloroplasts the Tat pathway does not require ATP or stromal factors, but relies entirely on the transmembrane pH gradient [7] , and is therefore also called the pH pathway. Interestingly, the presence of this pathway in bacteria was predicted before its discovery, because many bacteria export proteins that incorporate a cofactor in the cytoplasm [8] .
Such proteins will have to fold before translocation and are therefore incompatible with the Sec system. Substrates for the Tat pathway contain a signal peptide that is similar to Sec-type signal peptides with a classical tripartite structure: a positively charged N-domain, a hydrophobic H-domain and a more polar C-domain that contains the cleavage site for processing by a signal peptidase. The main difference between Sec and Tat signal peptides is a characteristic twin-arginine motif that is only present in Tat substrates. In bacteria, this motif, which is found on the boundary between the N-and H-domains, has the sequence (Ser/Thr)-Arg-Arg-Xaa-Phe-Leu-Lys [8] ; the arginines are invariant and the other residues are frequently present. The residues on positions 2 and 3 after the twin arginines are always hydrophobic.
The Tat system in bacteria and chloroplasts
Most bacteria and chloroplasts contain three major components that are required for the Tat pathway. These are TatA (Tha4 in chloroplasts), TatB (Hcf106 in chloroplasts) and TatC [3, [9] [10] [11] [12] [13] . TatA and TatB are related in structure and sequence; both proteins are predicted to contain a single N-terminal transmembrane helix that is followed by a amphipathic helix. TatA and TatB have distinct, nonoverlapping functions [14] , but these proteins cannot be easily distinguished from each other on the basis of sequence information. A diagnostic sequence element is present between the predicted transmembrane helix and the amphipathic helix [15] . In all TatA and TatB proteins this sequence motif contains a glycine. In TatA-like proteins this glycine is preceded by a phenylalanine, whereas in TatB-like proteins the glycine is followed by a proline. It has to be noted that for a number of organisms (chloroplasts, cyanobacteria and a few Gram-positive bacteria such as Bacillus and Streptomyces species) the situation is not clear since their TatA/B proteins contain both diagnostic elements (i.e. Phe-Gly-Pro). In Escherichia coli, TatB is completely essential for Tatdependent export, whereas TatA is dispensable. However, E. coli contains a second TatA homologue, denoted TatE, which complements the loss of TatA [11] . Tat-dependent transport is completely blocked in the absence of both TatA and TatE.
TatC proteins usually have six predicted membranespanning domains. Surprisingly, however, it was recently shown that E. coli TatC has only four membrane-spanning domains [16] , and it was speculated that the predicted hydrophobic helices 4 and 5 run along the periplasmic face of the membrane. TatC is completely essential for Tatdependent translocation [9] . Two Tat complexes with different subunit compositions have been isolated from E. coli. TatA, TatB and TatC have been isolated in a 600 kDa complex [17] , and whereas TatB and TatC were present in a 1:1 ratio, the level of TatA varied. The cellular level of TatA is much higher than that of TatB and TatC [18] , and TatA seems only loosely associated with TatB/C. E. coli also contains a second high-molecularmass complex that contains TatA and a small proportion of TatB [18] . Only the TatB/C-containing complex binds twinarginine signal peptides [19] . In chloroplasts, it was shown that Hcf106 (TatB homologue) and TatC interact with each other. This complex only binds to Tha4 (TatA homologue) when both precursor protein and a protonmotive force (PMF) are present [20] . The function of each Tat component is at present not clear. An intriguing problem is that the channel must be able to translocate a variety of substrates with different sizes and shapes and must therefore be very flexible without compromising membrane impermeability. One possible model is that the precursor binds first to a core complex comprising TatB and TatC. Next, TatA is recruited to the complex to 'coat' the precursor [15] and form a channel that exactly fits the size of the precursor protein. The channel might consist of only TatA molecules, as proposed by Berks et al. [21] , which implies that TatB/C functions only as a receptor. However, since TatB and TatC are also able to form large complexes, it is conceivable that TatB/C form the core of this channel, and that this can be shaped to size by adding varying amounts of TatA molecules.
Tat system in Archaea
Currently, very little is known about protein transport in Archaea, and the information that is available is mostly derived from genomic sequencing. For a number of reasons it can be expected that there are several differences between protein-transport systems in Archaea and the other domains of life. First, a particular distinct aspect of Archaea is the chemical composition of the cytoplasmic membrane: whereas bacterial and eukaryal membranes are composed of fatty acids linked to glycerol by an ester bond, archaeal membranes are composed of fully saturated branched phytanyl chains in which repeating isoprene units are linked to glycerol by an ether bond. Lipids play an important role in the proteintranslocation process [22] , and it is therefore conceivable that the archaeal protein-translocation process differs in certain aspects from bacterial and eukaryal protein translocation because of the different nature of the cytoplasmic membrane. Secondly, many Archaea are found in extreme environments, such as those with high temperature, very low or high pH, and hypersalinity. These characteristics make it quite likely that Archaea have specific adaptations in their proteintranslocation pathways.
Several Archaea, but not all, contain Tat components that are similar to those found in bacteria and chloroplasts (see also [23] ). Table 1 proteins are small and, in general, not very similar to each other, it is possible that other TatA/B-like proteins have not been recognized. It is, however, also conceivable that archaeal TatA/B proteins fulfil both TatA and TatB functions, or that completely novel components are involved in the archaeal Tat-export machinery. The archaeal TatC proteins are similar to the bacterial and chloroplast TatC proteins: most have six predicted transmembrane domains, and only a limited number of residues are completely conserved. The exception is TatC2 from the halophile Halobacterium sp. NRC-1, which has a very unusual topology with 14 membrane-spanning domains. This protein appears to represent a natural fusion between two TatC-like proteins (each with six transmembrane helices) that are joined together by a linker region with two additional transmembrane helices [24] . The function of this protein is not known, but it seems to be present in at least one other halophile and may represent a specific adaptation to the high salt conditions in which these organisms thrive.
Surprisingly, the thermophilic methanogen Methanopyrus kandleri contains one TatA/B-like protein, whereas it seems to lack a TatC protein. It is thus not clear whether this organism has a functional Tat pathway, but it is possible that the TatA-like protein fulfils a different function. Notably, this organism does contain three genes for putative Tat substrates, one of which (mk1204) is located two genes upstream from the gene (mk1201) that encodes the TatA-like protein.
In chloroplasts, Tat-dependent export relies entirely on the transmembrane pH gradient [7] . In bacteria, Tat-dependent export depends on the PMF [25, 26] , but it is not clear whether that involves both the electrical and chemical gradients. Archaea live in a variety of (extreme) environments, which pose all kinds of problems to the bioenergetics of these organisms. For example, acidophiles such as Thermoplasma acidophilum have a reversed membrane potential, and the PMF depends largely on the pH, whereas in alkaliphiles (e.g. Natronobacterium pharaonis) the PMF depends almost entirely on the membrane potential (for a review on the bioenergetics of Archaea, see [27] ). Thus Tat pathways of different Archaea may use different sources of energy.
Substrates of the archaeal Tat pathway
To investigate the importance of the Tat pathway in various Archaea, genomes were analysed for the number of putative substrates ( Table 1 ). The remarkably high number of putative Tat substrates in Halobacterium sp. NRC-1 has already been shown by us and others [24, 28] . The reason for this probably lies in the high intracellular and extracellular salt concentrations (4-5 M K + and Na + , respectively). In these conditions, proteins have to fold rapidly to prevent aggregation. Therefore, many secretory proteins will fold before reaching the membrane; this makes these proteins incompatible with the Sec system and necessitates export via the Tat pathway [24, 28] . The extensive use of the Tat pathway is, most likely, a common feature of all Archaea living in hypersaline environments, but this needs to be confirmed through the completion of genomic sequences of other halophiles and experimental data.
The role of the Tat pathway in other Archaea seems to be more similar to bacteria, as only a limited number of substrates, varying from 2 (T. acidophilum and Thermoplasma volcanicum) to 16 (P. aerophilum), are found. Several of these putative substrates are predicted to bind cofactors. For example, all predicted Tat substrates of T. acidophilum and T. volcanicum are Rieske iron-sulphur proteins, which are typical Tat substrates in bacteria [8] . Other examples are several cofactor-binding proteins in P. aerophilum that bind iron-sulphur clusters, FAD, molybdopterin or copper.
As noted before [29] , Methanococcus jannaschii does not contain proteins with a twin-arginine signal peptide. Surprisingly, a limited number of putative substrates were found in Archaea that do not contain Tat components. However, none of these were predicted to bind cofactors, and none of these contained a perfect (Ser/Thr)-Arg-Arg-XaaPhe-Leu-Lys motif. These proteins are therefore probably 'false positives' and are most likely Sec-dependent. Notably, an organism that does not have a Tat system also does not have to bother about sorting a secretory protein to the correct translocase.
Concluding remarks
Archaeal protein-translocation machineries may differ in their mechanism and subunit composition from those in the other domains of life. To understand how secretion pathways operate in Archaea, it is crucial to identify novel components and develop techniques to analyse the mechanism of protein transport. Research has thus far been hampered by difficulties in culturing and the lack of genetic tools for many Archaea. Only some halophiles have reasonably well-developed systems for transformation, shuttle vectors and gene-disruption strategies. Also, vesicles with an insideout orientation, which are essential for the development of in vitro translocation assays, have been isolated from a halophile [30] , and these organisms may well prove to be excellent model systems. However, Archaea thrive in a large variety of environments that will require specific adaptations in the transport process, and the ideal archaeal model system may therefore not exist.
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